2-Oxazoline is a privileged heterocycle with broad applications.[@cit1]--[@cit3] It is not only an important subunit and pharmacophore of numerous natural products and bioactive molecules (*e.g.*, compounds **I--V**, [Fig. 1](#fig1){ref-type="fig"}),[@cit1] but also a versatile functional group in organic synthesis. For example, oxazoline-based ligands, such as Box and PyBox (*e.g.*, **VI--VII**), have been used as ligands in a wide range of metal-catalyzed reactions.[@cit2] Moreover, oxazoline has also been utilized in various other capacities, including protective group, directing group, and synthetic auxiliary.[@cit3] Owing to these important applications, the development of efficient approaches for oxazoline synthesis has been a constant pursuit in organic synthesis.[@cit4]--[@cit6] Among the various known methods, the conventional approaches based on cyclization of β-hydroxy or unsaturated amides still remain as the most straightforward and frequently adopted methods ([Scheme 1a](#sch1){ref-type="fig"}).[@cit4],[@cit5] While these approaches have been taken for granted for decades, it is worth noting that they typically suffer from the use of either strong conditions (*e.g.*, heating) or stoichiometric amounts of corrosive reagents (such as DAST and oxidants), which inevitably lead to extra operational cost or stoichiometric waste generation. In this context, the development of new mild catalytic approaches remains in high demand.

![Selected useful molecules containing a 2-oxazoline motif.](c9sc03843d-f1){#fig1}

![Synthesis of 2-oxazolines: conventional approaches and our design.](c9sc03843d-s1){#sch1}

Oxetanes have played an important role in medicinal chemistry and organic synthesis.[@cit7],[@cit8] As a family of readily available synthetic building blocks, they are known precursors to various heterocycles, even in catalytic asymmetric fashion.[@cit7],[@cit8] However, compared with their three-membered ring homologues, oxiranes (epoxides), their synthetic capability has not been fully explored. As our continued interest in oxetane chemistry,[@cit8e]--[@cit8i] herein we describe a new mild catalytic protocol for the efficient synthesis of oxazolines from oxetanes enabling rapid access to a diverse family of natural products.

We envisioned that, upon suitable activation by acid, oxetanes bearing a 3-amido group would be expected to undergo intramolecular oxetane ring-opening and concomitantly cyclize to form an oxazoline ring ([Scheme 1b](#sch1){ref-type="fig"}). If successful, the oxazolines generated in this process are naturally decorated with a hydroxymethyl group at the 4-position. The presence of this substituent perfectly matches those important molecules and ligands (shown in [Fig. 1](#fig1){ref-type="fig"} and [Scheme 2](#sch2){ref-type="fig"}, *vide infra*), thereby providing expedient access to them (either directly or within a couple of steps). Moreover, such a process can be catalytic in principle, thus complementing the conventional approaches.

We started our study with model substrate **1a**, which was obtained by acylation of commercially available 3-amino oxetane. To activate the oxetane motif, we evaluated various oxophilic Lewis acids ([Table 1](#tab1){ref-type="table"}, entries 1--6). Although most of them showed catalytic activity toward the desired product **2a**, Sc(OTf)~3~ and In(OTf)~3~ exhibited much higher catalytic efficiency, with the latter being slightly better (entries 1--2). Thus, in the presence of 10 mol% of In(OTf)~3~, the reaction of **1a** in toluene proceeded smoothly at room temperature to form oxazoline **2a** in 75% yield (entry 2). In contrast, Brønsted acids, such as TsOH and HNTf~2~, showed extremely low catalytic turnover (entries 7--8). Next, different solvents were compared with In(OTf)~3~ as the optimal catalyst (entries 9--12). While polar and protic solvents, such as MeCN and MeOH, led to low reactivity, DCM could improve the reaction efficiency (86% yield, entry 12). Finally, at 40 °C, the reaction time could be shortened to 24 h and the yield could be further improved to 93% (entry 13).

###### Evaluation of reaction conditions

  ![](c9sc03843d-u1.jpg){#ugr1}                                                                                    
  ------------------------------------------------------------------------------------ -------------- ------------ ----
  1                                                                                    Sc(OTf)~3~     Toluene      70
  2                                                                                    In(OTf)~3~     Toluene      75
  3                                                                                    Zn(OTf)~3~     Toluene      46
  4                                                                                    AlCl~3~        Toluene      20
  5                                                                                    TMSOTf         Toluene      20
  6                                                                                    BF~3~·OEt~2~   Toluene      51
  7                                                                                    TsOH·H~2~O     Toluene      15
  8                                                                                    HNTf~2~        Toluene      16
  9                                                                                    In(OTf)~3~     MeCN         45
  10                                                                                   In(OTf)~3~     MeOH         60
  11                                                                                   In(OTf)~3~     THF          69
  12                                                                                   In(OTf)~3~     CH~2~Cl~2~   86
  13[^*b*^](#tab1fnb){ref-type="table-fn"} ^,^[^*c*^](#tab1fnc){ref-type="table-fn"}   In(OTf)~3~     CH~2~Cl~2~   93

^*a*^Yield was determined by ^1^H NMR analysis of the crude mixture with CH~2~Br~2~ as an internal standard.

^*b*^Run at 40 °C.

^*c*^Run for 24 h.

With the above optimal conditions, we next examined the generality of this protocol. As shown in [Table 2](#tab2){ref-type="table"}, a wide array of 3-amido oxetanes with different electronic properties participated in this mild intramolecular cyclization process to form the corresponding 2-oxazolines with high efficiency. Both aromatic and aliphatic amides were suitable substrates. Moreover, α,β-unsaturated amides and carbamates could also react to form the desired oxazolines with vinylic and alkoxy substituents at the 2-position, respectively (*e.g.*, **2o--p**). This cyclization was not sensitive to steric hindrance on the amide functionality (**2n**). Heterocycles could also be incorporated into the products. Furthermore, given the versatility of oxazolines as ligands, we also evaluated the possibility for the synthesis of bidentate ligands. For example, with free and protected amino groups and phosphine oxide in close proximity, the corresponding oxazolines (**2q--s**) could still be formed with good efficiency, although the latter case required slightly higher temperature. The structure of **2s** was confirmed by X-ray crystallography. In contrast, it is worth mentioning that In(OTf)~3~ failed to catalyze the reaction of pyridine-incorporated substrate **1t**, presumably due to competing binding of the pyridine motif to In(OTf)~3~, thus leading to catalyst deactivation. Nevertheless, after further optimization with (super)stoichiometric amounts of acids, such as HNTf~2~ and HCl, the desired oxazoline products (**2t** and **2t′**) could be successfully obtained as pyridinium salts. Finally, 3,3-disubstituted oxetanes could also react to provide 4,4-disubstituted oxazolines (**2u--2y**). Overall, this mild protocol could tolerate a wide range of functional groups, including ether, nitro, nitrile, aryl halide, amine, ester, alkene, and alkyne groups. The robustness of this protocol was also demonstrated by a highly efficient gram-scale reaction of **2a**. It is notable that, compared to the antibacterial natural product spoxazomicin C (shown in [Fig. 1](#fig1){ref-type="fig"}), these oxazoline products should also have antibacterial activity and could be directly used for "structure--activity relationship" (SAR) studies, further highlighting the synthetic efficiency of this reaction.

###### Reaction scope[^*a*^](#tab2fna){ref-type="fn"}
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^*a*^Reaction scale: oxetane **1** (0.50 mmol), In(OTf)~3~ (10 mol%), CH~2~Cl~2~ (5.0 mL); isolated yield.

^*b*^Run with 5 mol% of In(OTf)~3~.

^*c*^Run in DCE solvent at 60 °C.

^*d*^Run with 20 mol% of In(OTf)~3~.

^*e*^Run with HNTf~2~ (1 equiv.) in place of In(OTf)~3~.

^*f*^Run with HCl (2.5 equiv., 4 M solution in MeOH) in place of In(OTf)~3~.

Next, we evaluated the ability of this protocol in the synthesis of bis(oxazoline) compounds, in view of their proven superior synthetic utility as bidentate ligands. As shown in [Table 3](#tab3){ref-type="table"}, various bis(oxazoline) products **4** with different linkers could be synthesized *via* double cyclization of the bis(amide) substrates **3**. Among them, **4b** and **4d** were obtained in their enantioenriched forms as the bis(amide) substrates were grafted on enantiopure chiral backbones. It is worth noting that **4a** and **4b** were obtained as a single isomer.[@cit9] While we do not have a clear explanation at this point, it is presumably because the spatial orientation of the initially formed oxazoline unit has certain influence on the subsequent ring formation. Since products **4b--d** are known superior bidentate ligands that can bind metals, In(OTf)~3~ proved less effective than HNTf~2~.[@cit10] It is worth noting that, depending on the optical purity of the linker, these products could be formed in enantiopure form and directly used as chiral ligands (*vide infra*).

###### Synthesis of bis(oxazoline) compounds
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By changing the amide unit to thioamide, we were able to further extend this approach to the synthesis of 2-thiazoline ring, another important heterocycle in natural products, medicinal chemistry, and organic synthesis.[@cit11] While thioamide **5** was found to be unstable, we managed to generate it *in situ* from 2-((phenylcarbonothioyl)thio)acetic acid and 3-aminooxetane. Subsequent treatment with HNTf~2~ without purification of thioamide **5** afforded the desired 2-thiazoline **6** in 73% yield over two steps (eqn (1)).

To further demonstrate the utility of this reaction, the oxazoline products were employed as ligands for synthesis. For example, a P,N-ligand **7** could be obtained after simple reduction of the phosphine oxide **2s** (eqn (2)). With this ligand, palladium-catalyzed allylic substitution of **8** by malonate proceeded efficiently to form product **9** in 86% yield (eqn (3)).[@cit12] In contrast, without ligand, trace product was formed. In another example, the enantiopure spirocyclic bis(oxazoline) product **4d** was protected and then used as a chiral ligand for asymmetric carbene insertion to the Si--H bond of triethylsilane (eqn (4) and (5)). Without condition optimization, the α-silyl ester **12** was formed in 83% yield and 68% ee.[@cit13] Further optimization to tune other reaction parameters might be able to improve the outcome.

Finally, the power of this protocol was further proved by rapid access to various natural products ([Scheme 2](#sch2){ref-type="fig"}). For example, natural product (±)-spoxazomicin C (**13**)[@cit1a] could be directly obtained *via* the standard cyclization of amide **1z**. Next, a simple oxidation step delivered the corresponding acid **14**, another natural product (±)-madurastatin B1.[@cit1b] Further transformation to amide in the presence of NH~4~HCO~3~ gave another natural product (±)-spoxazomicin D in 83% yield.[@cit1b] Moreover, acid **14** is a known precursor to other natural products, including transvalencin Z,[@cit1c]--[@cit1d] brasilibactin A,[@cit14] and mycobactin S,[@cit15] and a potential intermediate toward oxachelin C,[@cit1b] thereby representing an expedient formal synthesis of these natural molecules. These natural products exhibit interesting antibacterial or antimicrobial activities. Our reaction not only provided a uniquely effective pathway for their collective synthesis, but also allowed easy modification of these structures for medicinal studies.

![Rapid (formal) synthesis of diverse natural products. (a) CrO~3~, H~5~IO~6~, CH~3~CN, rt, 30 min, 75%; (b) NH~4~HCO~3~, (Boc)~2~O, pyridine, CH~3~CN, rt, 22 h, 83%.](c9sc03843d-s2){#sch2}

In summary, we have developed a new catalytic protocol for the expedient synthesis of oxazolines from oxetanes. It represents not only a powerful complement to the conventional oxazoline synthetic strategies based on non-catalytic cyclization of β-hydroxy or unsaturated amides, but also a new expansion to the reactivity profile of oxetanes, particularly for the synthesis of heterocycles. The suitable choice of a superior Lewis acid catalyst In(OTf)~3~ allowed a wide range of readily available 3-amido oxetanes to cyclize efficiently to form the corresponding oxazolines under mild conditions. This protocol is also amenable to the synthesis of various bidentate ligands, including those bis(oxazoline) compounds with proved utility. Moreover, the obtained products, typically bearing a pendant 4-hydroxymethyl substituent, perfectly match the structures of a diverse family of natural products and antibacterial molecules. Ongoing studies to extend this process to its catalytic asymmetric variant is underway.[@cit16]
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